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SUMMARY 
A s e r i e s  of experiments has been performed us ing  carbon p a r t i c l e s  (commercial 
furnace  b l ack )  as a su r roga te  f o r  soo t  p a r t i c l e s .  Carbon p a r t i c l e s  were suspended i n  
water and gas mixtures  w e r e  bubbled i n t o  t h e  suspensions t o  observe t h e  e f f e c t  of 
carbon p a r t i c l e s  on t h e  oxida t ion  of SO2 by a i r  and NO2. I d e n t i c a l  gas mixtures  were 
bubbled i n t o  a blank conta in ing  only pure w a t e r .  A f t e r  exposure each s o l u t i o n  was 
analyzed f o r  pH and s u l f a t e  conten t .  
ox ida t ion  of SO2 t o  s u l f a t e  i n  t h e  presence of carbon p a r t i c l e s .  The amount of su l -  
f a t e  found i n  t h e  blanks was s i g n i f i c a n t l y  less. Under t h e  cond i t ions  of t h e s e  
experiments no s a t u r a t i o n  of t h e  r e a c t i o n  w a s  observed and SO2 was converted t o  su l -  
f a t e  even i n  a h ighly  a c i d  medium (pH > 1 . 5 ) .  
It was found t h a t  NO2 g r e a t l y  enhances t h e  
INTRODUCTION 
Many mechanisms have been proposed f o r  t h e  oxida t ion  of SO2 i n  t h e  atmosplere .  
These inc lude  homogeneous r e a c t i o n s  i n  t h e  gas phase ( r e f .  1 )  and heterogeneous reac- 
t i o n s  i n  cloud d r o p l e t s  o r  l iquid-phase ae roso l s  ( r e f s .  2 t o  4 )  and on carbon p a r t i -  
c l e s  ( r e f s .  5 and 6 ) .  I n  order  t o  a s s e s s  t h e  r e l a t i v e  c o n t r i b u t i o n  of t h e  var ious  
mechanisms and t o  propose en l igh tened  c o n t r o l  s t r a t e g i e s ,  t h e  competing p rocesses  
must be eva lua ted  i n  d e t a i l .  
The work descr ibed  here  addresses  one a spec t  of t h i s  problem, namely heteroge- 
neous ox ida t ion  of SO2 by a i r  and NO2 on carbon ( s o o t )  p a r t i c l e s  suspended i n  water.  
S imi l a r  r e a c t i o n s  a r e  p o s s i b l e  i n  t h e  atmosphere i n  l i q u i d  d r o p l e t s  o r  a e r o s o l s  con- 
t a i n i n g  i n s o l u b l e  carbon p a r t i c l e s .  Novakov e t  a l .  ( r e f .  5 )  have e s t a b l i s h e d  t h a t  
s o o t  i s  e f f e c t i v e  i n  ox id i z ing  SO2 t o  s u l f a t e  i n  t h e  presence of 02.  
c l e s  a r e  found even i n  remote a reas  such a s  t h e  Arc t i c  ( r e f .  7 )  and a r e  v i r t u a l l y  
ubiqui tous .  Therefore  they a r e  widely a v a i l a b l e  t o  provide r e a c t i v e  s i t e s .  
Carbon p a r t i -  
The experiments involv ing  carbon suspended i n  l i q u i d  water were prompted by our  
o r i g i n a l  experiments performed with dry carbon p a r t i c l e s  ( r e f .  8 ) .  When such p a r t i -  
c l e s  were exposed t o  mixtures  of humidif ied a i r ,  SO2,  and NO2 they became wetted 
a f t e r  a c e r t a i n  t i m e ,  and it w a s  not  c l e a r  a t  t h a t  p o i n t  whether s o l u t i o n  chemistry 
w a s  dominant o r  i f  t h e  soo t  s t i l l  played an important  r o l e .  
EXPERIMENTAL PROCEDURE 
Carbon p a r t i c l e s  (commercial furnace b lack)  were suspended i n  d i s t i l l e d  water a t  
a concen t r a t ion  of 100 mg/lO m l ,  and commercially prepared mixtures  of gases  (sup- 
p l i e r - c e r t i f i e d  mixtures  i n  u l t r a h i g h - p u r i t y  c a r r i e r )  w e r e  bubbled i n t o  t h e  aqueous 
suspension. The appara tus  is shown schemat ica l ly  i n  f i g u r e  1. The same gas mixtures  
were a l s o  bubbled through 10 m l  of pure water t o  se rve  a s  a blank.  The gases  
(100  ppm SO2 i n  a i r  o r  N2 and 100 ppm NO2 i n  N 2 )  were mixed p r i o r  t o  s p l i t t i n g  t h e  
flow between t h e  two r e a c t i o n  v e s s e l s .  The r e a c t o r s  w e r e  he ld  a t  a c o n s t a n t  
temperature  of 23OC i n  a water bath.  This  conf igu ra t ion  allowed t h e  blank and t h e  
aqueous carbon suspension t o  be exposed t o  i d e n t i c a l  cond i t ions ,  so t h a t  t h e  d i f f e r -  
ence i n  amount of s u l f a t e  produced i n  t h e  two r e a c t o r s  w a s  a d i r e c t  measure of t h e  
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e f f e c t  of t h e  carbon. A f t e r  each experiment t h e  r e s u l t i n g  s o l u t i o n s  w e r e  analyzed 
f o r  p H  and s u l f a t e  conten t  us ing  a barium t u r b i d i t y  test (ref.  8 ) .  
RESULTS AND DISCUSSION 
The r e s u l t s  of s e v e r a l  experiments are p resen ted  g r a p h i c a l l y  i n  f i g u r e  2. The 
The carbon acts as a c a t a l y s t  f o r  t h e  ox ida t ion  of So2 by both a i r  and 
y i e l d  of s u l f a t e  under i d e n t i c a l  exposure condi tons is  much larger i n  t h e  presence  of 
t h e  carbon. 
a i r  with 100 ppm NO2 added. 
t i o n  to  occur  because, a s  t h e  blank curves i n d i c a t e ,  n e i t h e r  a i r  nor  NO2 has  any 
s i g n i f i c a n t  ox ida t ion  e f f e c t  i n  water a lone .  
100 p p m  wi th  1 pe rcen t  carbon i s  9.3 pe rcen t  per hour and i n c r e a s e s  t o  58 pe rcen t  p e r  
hour when 100 ppm NO2 i s  added. 
i n  prev ious  experiments i n  t h i s  l abora to ry  ( r e f .  8 )  i n  which NO2 s i g n i f i c a n t l y  
enhanced t h e  ox ida t ion  of SO2 on carbon par t ic les .  Some enhancement of t h e  ox ida t ion  
of SO2 by NO2 has  a l s o  been observed on dry soo t  by R r i t t o n  and Clarke ( r e f .  9 )  and 
on dry V205 by Barbaray e t  a l .  ( r e f .  1 0 ) .  
Apparently t h e  carbon provides  sites f o r  t h e  SO2 oxida- 
The conversion ra te  of SO2 i n  a i r  a t  
These r e s u l t s  are i n  agreement with those  obta ined  
To  d i s t i n g u i s h  t h e  ox id iz ing  e f f e c t  of NO2 from t h a t  of t h e  O2 i n  a i r ,  t h e  s a m e  
experiment w a s  performed with t h e  SO2 and NO2 mixed i n  N2. The r e s u l t s  a r e  shown i n  
f i g u r e  3 .  H e r e  only t h e  o x i d i z i n g  capac i ty  of t h e  NO2 is  measured. The experiments 
i n  N2 i n d i c a t e  t h a t  NO2 acts as an ox id iz ing  agent  independent of t h e  O2 i n  a i r ,  and 
comparison of r e s u l t s  from f i g u r e s  2 and 3 shows t h a t  t h e  e f f e c t s  of O2 and NO2 a r e  
a d d i t i v e .  The i n t e r c e p t  of 0.64 mg s u l f a t e  i n  f i g u r e s  2 and 3 w a s  found t o  be due t o  
s u l f a t e  p r e s e n t  on t h e  carbon s u r f a c e  as rece ived  E r o m  t h e  manufacturer.  
Several 20-hour runs w e r e  made a t  SO2 and NO2 concen t r a t ions  of 100 ppm and f low 
rates of 1 0 0  cm /min f o r  each gas. The s u l f a t e  y i e l d s  w e r e  t h e  same ( 3 0  m g )  as would 
be p r e d i c t e d  by l i n e a r  e x t r a p o l a t i o n  of t h e  data i n  f i g u r e  2. This  i n d i c a t e s  t h a t  
SO2 w a s  converted t o  s u l f a t e  wi th  no observable  s a t u r a t i o n  e f f e c t  f o r  t h e s e  long 
exposures .  The p H  of t h e  s o l u t i o n s  f o r  t h e s e  runs w a s  as l o w  a s  1.5, i n d i c a t i n g  t h a t  
t h e  conversion t a k e s  place under h igh ly  a c i d i c  cond i t ions .  S a t u r a t i o n  e f f e c t s  have 
c o n s i s t e n t l y  been observed f o r  SO2 on dry par t ic les  by o t h e r s  ( r e f s .  9 ,  11,  and 121, 
b u t  w e  have observed no s a t u r a t i o n  i n  e i t h e r  t h e  g rav ime t r i c  o r  bubbler  experiments 
as long as s u f f i c i e n t  H 2 0  vapor or l i q u i d  H 2 0  is  p r e s e n t .  
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I f  t h e  20-hour runs w e r e  ex t r apo la t ed  t o  t y p i c a l  a tmospheric  SO2 concen t r a t ions  
of 0.01 ppm, t h i s  would i n d i c a t e  t h a t  " w e t "  soot par t ic les  could be exposed f o r  
2 x 10  hours  without  s a t u r a t i o n  e f f e c t s .  This  is  c e r t a i n l y  much longer  than  t y p i c a l  
par t ic le  l i f e t i m e s  i n  t h e  atmosphere. 
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CONCLUSIONS 
The experimental  r e s u l t s  r epor t ed  h e r e i n  l ead  t o  t h e  fo l lowing  conclus ions :  
1. Carbon par t ic les  s i g n i f i c a n t l y  c a t a l y z e  t h e  ox ida t ion  of SO2 t o  s u l f a t e  by 
a i r  and/or NO2. 
2. NO2 i s  an e f f e c t i v e  o x i d i z e r  for  SO2 i n  aqueous suspensions of carbon and i t s  
e f f e c t  is independent of t h e  presence  or absence of  a i r ;  t h e  r e a c t i o n  i s  
c o n t r o l l e d  by t h e  NO2, provided s u f f i c i e n t  SO2 is  p resen t .  
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3. The yield of sulfate in the reactions studied appears to be independent of pH 
at values as low as 1.5, and no saturation occurs for long exposure times 
so long as sufficient H20 is present. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
March 16, 1982 
3 
REFERENCES 
1. Ca lve r t ,  Jack G. ;  Su, Fu; Bottenheim, Jan W . ;  and S t r ausz ,  Ot to  P.: Mechanism of 
t h e  Homogeneous Oxidation of Sul fur  Dioxide i n  t h e  Troposphere. Atmos. 
Environ., vo l .  12, no. 1-3, 1978, pp. 197-226. 
2 .  Hegg, Dean A. ;  and Hobbs, P e t e r  V.: Cloud Water Chemistry and t h e  Production of 
S u l f a t e s  i n  c louds.  Atmos. Environ., vo l .  15, no. 9, 1981, pp. 1597-1604. 
3. Bei lke,  S.; and Gravenhorst ,  G.: Heterogeneous S02-Oxidation i n  t h e  Droplet  
Phase. Atmos. Environ.,  vo l .  12 ,  no. 1-3, 1978, pp. 231-239. 
4. Penket t ,  S. A.;  Jones,  R.  M. R. ; Brice, K. A.;  and Eggleton, A. E. J. : The 
Importance of Atmospheric Ozone and Hydrogen Peroxide i n  Oxidis ing Sulphur 
Dioxide i n  Cloud and Rainwater. Atmos. Environ.,  vel. 13, no. 1 ,  1979, 
pp. 123-137. 
5.  Novakov, T. ;  Chang, S. G.;  and Harker, A. B. :  S u l f a t e s  as P o l l u t i o n  Pa r t i cu -  
la tes :  C a t a l y t i c  Formation on Carbon (Soot )  P a r t i c l e s .  Science,  vo l .  186, 
no. 4160, O c t .  18, 1974, pp. 259-261. 
6. Chang, S. G. ;  and Novakov, T.: Soot-Catalyzed Oxidation of Su l fu r  Dioxide.  
Man's Impact on t h e  Troposphere - Lectures  i n  Tropospheric Chemistry, J o e l  S. 
Levine and David R. Schryer ,  e d s . ,  NASA RP-1022, 1978, pp. 349-369. 
7. Rosen, H. ;  Novakov, T.;  and Bodhaine, 73. A . :  Soot i n  t h e  FLrctic. Atmos. 
Environ.,  vo l .  15, no. 8, 1981, pp. 1371-1374. 
8. Cofer,  Wesley R. , 111; Schryer,  David R. ; and Rogowski , Robert S. : The Enhanced 
Oxidation of SO2 by NO2 on Carbon P a r t i c u l a t e s .  
no. 5, 1980, pp. 571-575. 
Atmos. Environ.,  vo l .  14, 
9 .  B r i t t o n ,  L. G. ;  and Clarke,  A. G. :  Heterogeneous React ions of Sulphur Dioxide 
and S02/N02 Mixtures With a Carbon Soot Aerosol.  Atmos. Environ., vo l .  14, 
no. 7, 1980, pp. 829-839. 
, IO.  Barbaray, B r i g i t t e ;  Contour, Jean-Pierre;  and Mouvier, Gerard: E f f e c t s  of 
Nitrogen Dioxide and Water Vapor on Oxidation of Su l fu r  Dioxide Over V205 
P a r t i c l e s .  Environ. Sc i .  & Technol., vo l .  12 ,  no. 12, Nov. 1978, pp. 1294- 
1297. 
11.  Baldwin, Alan C.;  and r a lden ,  David M . :  Heterogeneous Atmospheric Reactions: 
S u l f u r i c  Acid Aerosols as Tropospheric Sinks.  Science,  vo l .  206, no. 4418, 
NOV. 2 ,  1979, pp. 562-563. 
12 .  Jude ik i s ,  Henry S.; Stewart ,  Thomas R . ;  and Ren, Anthony G. :  Laboratory S tud ie s  
of Heterogeneous Reactions of SO2. Atmos. Environ.,  vol .  1 2 ,  no. 8 ,  1978, 
pp. 1633-1641. 
4 
. _  
Blank ( H 2 0 )  
Flow Meters 
Carbon in H 2 0  
I 
Figure 1.- Apparatus used to investigate SO2 oxidation in presence of 
aqueous carbon suspension. 
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Figure  2.- E f f e c t  of NO2 and c a t a l y s t  on s u l f a t e  y i e l d  i n  a i r .  Blank: 10  ml H20; 
c a t a l y s t :  100 mg carbon black i n  10  m l  H20; flow r a t e s :  100 c m  3 /min, each gas;  
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Figure 3.- Effect of NO2 and catalyst on sulfate yield in N2. 
100 mg carbon black in 10 ml H 2 0 ;  f l o w  rates: 
Blank: 10 ml H20; 
3 catalyst: 
concentrations: 100 ppm in N2, each gas. 
100 cm /min, each gas; 
7 
1. Report No. 
1 NASA TP-2014 
4. Title and Subtitle 
- 1  
- 
2. Government Accession No. 3. Recipient’s Catalog No. 
CARBON-CATALYZED OXIDATION OF SO2 BY NO2 AND A I R  
19. Security Classif. (of this report) 20. Security Classif. (of this page) 
Unclassified Unclassified 
7. Author(s1 
Robert S. Rogowski, David R. Schryer, Wes1ey.R. 
Cofer 111, Robert A. Edahl, Jr., and Shekhar Munavalli 
~~ - - - ~~ 
21. No. of Pages 22. Price 
8 A0 2 
9. Performing Organization Name and Address 
NASA Langley Research Center 
Hampton, VA 23665 
1 5. Repor t  Date 1 
I 1982 
6. Performing Orpnization Code 
1- L-15214 - -  
146-20-10-19 
8. Performing Organization Report No. 
I 10. Work Unit No. 
~ ~~ ~~ 
I 
1 13. Type of Report and Period Covered Technical Paper 12. Sponsoring Agency Name and Address 
National Aeronautics and Space Administration 
Washington, DC 20546 
14. Sponsoring Agency Code I 1 
1 I 15. Supplementary Notes 
Robert S. Rogowski, David R. Schryer, Wesley R. Cofer 111, and Robert S. 
Shekhar Munavalli: Livingstone College, Salisbury,  North Carolina. 
This paper a l s o  appears i n  Heterogeneous Atmospheric Catalysis ,  Geophys. 
Edahl, Jr.: Langley Research Center, Hampton, Virginia.  
Monogr. Ser., vol. 27,  edi ted by David R. Schryer, AGU, Washington, DC, 1982. 
~~~ 
16. Abstract 
A series of experiments has been performed using carbon p a r t i c l e s  (commercial furnace 
black) as  a surrogate f o r  soot p a r t i c l e s .  Carbon p a r t i c l e s  were suspended i n  water 
and gas mixtures were bubbled i n t o  the suspensions t o  observe the e f f e c t  of carbon 
p a r t i c l e s  on the oxidation of SO2 by a i r  and NO2. 
bubbled i n t o  a blank containing only pure water. After exposure each solut ion was 
analyzed f o r  pH and s u l f a t e .  
SO2 t o  s u l f a t e  i n  the presence of carbon p a r t i c l e s .  
the blanks was s i g n i f i c a n t l y  l e s s .  Under the conditions of these experiments no 
sa tu ra t ion  of the react ion was observed and SO2 was converted t o  s u l f a t e  even i n  a 
highly acid medium (pH > 1 .5 ) .  
I d e n t i c a l  gas mixtures were 
It w a s  found t h a t  NO2 g rea t ly  enhances the oxidation of 
The amount of s u l f a t e  found i n  
~~ 
17. Key Words (Suggested by Author(s) ) I 18. Distribution Statement 
Sulfur dioxide 
Su l f a t e  
Carbon 
Catalysis  
Acid r a i n  
Unclassified - Unlimited 
Subject Category 25 
For sale by the Natlonal Technical Information Service. Sprinefield. Virginia 22161 
NASA-Langley,  1982 
.All 
I 1 1 1 1  m . 1 . 1 1 1 1 . 1 1 .  I, I I I, 111.1111 I 1.1.111.111.1111.1.111. I I I I 
National Aeronautics and SPEC!= FOUR1t-I CLASS MAIL 




Penalty for Private Use, $300 
Postap and Fees Paid 
National Aeronautics and 
Space Administralion 
N A S A 4 5 1  
POSTMASTER: I f  Undeliverable (Section I58 
Postal Manual) Do Not Return 
